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1 Introduction 


Seaweeds have a long history of use as food, feed and fertiliser. More recently, 
extracts from seaweed have also appeared in dyes, toothpastes, cosmetic 
creams and a range of other products. There is a fast-growing interest in 
seaweeds as an environmentally sustainable alternative to terrestrial plants 
and fossil fuels (McHugh 2003; Van den Burg et al. 2018; Van Hal et al. 2014). 
In Europe, a number of pilot projects and start-ups are exploring the potential 
of seaweed farming, preservation and processing, and novel seaweed 
applications that can substitute more carbon-intense or unsustainable fossil- 
or terrestrial biomass-based products (see other chapters in this book). The 
supposed environmental sustainability of seaweed farming, preservation 
and processing is the subject of remarkably little research. Seaweed farming 
is taken to include all processes, from hatchery through marine cultivation to 
harvesting the seaweed. 
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2 Environmental impacts of seaweed cultivation 


When talking about the environmental sustainability of seaweed, one 
must distinguish between two types of environmental impacts. The first 
relates to the environmental impacts of seaweed farming on the immediate 
marine environment, for example, the possible effects from the presence of 
infrastructure or the effects on local biodiversity. This type of impact is covered 
elsewhere in this book. The second type refers to the overall environmental 
impacts resulting from the whole seaweed supply chain, including all material 
and energy inputs that are used in order to produce specific seaweed products. 
This chapter focuses on the latter and how these impacts can be quantified by 
means of the life cycle assessment (LCA). 

This chapter provides an overview of the environmental impacts of the 
supply chain for preserved seaweed. The supply chain includes the hatchery, 
marine infrastructure, deployment of juveniles and monitoring during cultivation 
(grow-out of seaweed), harvest, transport back to shore and preservation of 
the biomass. Not specifically addressed are the environmental impacts from 
downstream processing of the preserved biomass into a multitude of products, 
the utilisation of these products and their end-of-life disposal. However, they 
are discussed in light of the available literature. The environmental impacts of 
this further processing may or may not exceed the environmental impacts in 
the preceding supply chain. This will depend on the specific product and the 
processes involved in its manufacture. 

The chapter starts with a short overview of the LCA methodology, and how 
it can be used to quantify the environmental impacts of seaweed supply chains. 
The next section introduces the ‘Seafarm-LCA’ taken from Thomas et al. (2021) 
as a case study for illustrating the environmental impacts of the preserved 
seaweed supply chain. Figures are based on the study published in the ICES 
Journal of Marine Science. Section 4 focuses on the overall environmental 
impacts of the preserved seaweed supply chain, in contrast to Sections 5-8 
which focus on specific life cycle stages. Section 5 deals with spore preparation 
and seeding of juvenile seaweed onto the string in the hatchery, Section 6 goes 
into seaweed cultivation and harvesting, and Section 7 covers the preservation 
and storage of harvested seaweed. Each stage also includes the environmental 
impacts of the production of the equipment needed in that stage (i.e. the 
environmental impacts of cradle-to-equipment production). The chapter ends 
with a summary (Sections 8-9), followed by future trends in research (Section 
10) and some suggestions for sources of further information for the interested 
reader (Section 11). 


2 LCA methodology 


LCA is a well-established approach to investigate the environmental 
performance of product systems and service systems (Baumann and Tillman 
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2004), both referred to as product systems in the rest of this chapter. A core 
characteristic of systems is that they serve a function (Meadows 2015). LCA 
quantifies the environmental impacts per unit of function served by the product 
system, that is, per functional unit (Baumann and Tillman 2004; ISO 14044 
2006), and not for a unit of product as is commonly miscommunicated. 

The functional unit for a product system is typically based on its output, 
for example, ‘one ton of dried seaweed meeting certain quality requirements’, 
but it can sometimes also be based on system inputs (see Fig. 1). The latter is 
typically the case for ‘waste-LCAs’ comparing different types of waste treatment 
(Laurenti et al. 2014) but also applies to the case study LCA used for illustration 
in this chapter, for which the functional unit is ‘one ton of freshly harvested kelp 
to be preserved’. This input-based functional unit enables the comparison of 
different methods of preserving kelp, with the rest of the compared product 
system being the same (Thomas et al. 2021). A further discussion of the 
functional unit aspects of LCAs is available in Sills et al. (2020), presented in the 
context of LCAs of algal biorefineries. 

Many, if not most LCAs, indeed compare product systems, such as 
comparing a reference product system with an improved version of itself or, 
alternatively, comparing very different product systems with the same function. 
Comparative LCAs are typically performed to inform decision-makers, for 
instance within the industry, about whether to produce chemicals using one 
form of energy or another (Lammens et al. 2011), or to inform consumers 
choosing between seaweed burgers and conventional hamburgers (Van 
den Burg et al. 2018). Other LCAs typically focus on a single product system, 
usually to gain insights into environmental impact hotspots and to identify 
opportunities for optimisation. 

A full LCA or ‘cradle-to-grave’ LCA covers a product system from raw 
material extraction, through materials production, product manufacture and 
use, up to and including processing the discarded product. Each of these 
so-called life cycle stages in a product system may (and often do) encompass 
more than one process. The production of woollen fabrics, for example, covers 
yarn spinning and fabric weaving, with several refining processes, both in 
between and following the spinning and weaving (Potting and Blok 1995). 

While ‘cradle-to-grave’ LCAs encompass full product life cycles, many 
LCAs cover partial product life cycles. The waste-LCAs previously mentioned 
represent ‘gate-to-grave’ LCAs, where the ‘gate’ often is the entrance into the 
waste collection process (Laurenti et al. 2014). Other partial LCAs represent 
‘cradle-to-gate’ LCAs, including the case study LCA in this chapter (see Fig. 1), 
where materials or substances are to be further processed after they exit the 
‘gate’. There are also ‘gate-to-gate’ LCAs, like a comparative LCA by Kouchaki- 
Penchah et al.(2015) for particleboard produced from agricultural and industrial 
waste residues. 
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Figure 1 An overview of the ‘cradle-to-gate’ product system, or supply chain, for preserved 
brown seaweed (i.e. kelp or Saccharina latissima). The figure exemplifies the two related 
input-based (single asterisk *) and output-based (double asterisk **) functional units. 
Source: the figure has been modified from Thomas et al. (2021). 


An LCA should cover more than one process as well as more than one 
environmental impact, according to the ISO 14044 (2006). Typical environmental 
impacts covered by LCAs are resource depletion, global warming, 
(stratospheric) ozone depletion, acidification, eutrophication, (tropospheric) 
photochemical ozone creation, human toxicity and ecotoxicity (Baumann and 
Tillman 2004). Life cycle studies covering just one environmental impact are 
not strictly LCAs, but rather footprint analyses (like carbon footprints), although 
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they are nevertheless often referred to as LCAs. An example is a comparative 
‘LCA’ by Taelman et al. (2015) of the cumulative exergy extraction from the 
natural environment of two seaweed cultivation infrastructures or a comparative 
‘LCA’ by Alvarez-Hess et al. (2019) for the greenhouse-mitigation potential of 
3-nitrooxypropanol and nitrate to cattle in cattle feeding. 

The ISO-14040 series, notably the ISO 14044 (2006), provides the 
procedure for performing an LCA. An LCA consist of four phases: 


1 Goal & scope definition, which specifies why and how an LCA is performed. 

2 Inventory analysis, which quantifies all environmental and economic 
inputs and outputs for all processes in a product system. 

3 Impact assessment, which converts all environmental inputs and outputs, 
from inventory analysis to a range of environmental impacts. 

4 Interpretation, which evaluates the results of inventory analysis and 
impact assessment against the background of the defined goal & scope, 
in order to draw conclusions. 


These are discussed below. 

Goal & scope definition is the most important phase of an LCA, as it 
sets out how the other three phases are to be executed. In this first phase, all 
selected methodological choices and assumptions are primarily based on their 
appropriateness in answering the research questions at hand. This notably applies to 
defining the functional unit (in terms of which impacts will be expressed), delineation 
of the product system, choice of inventory methods and data for inventory analysis 
(e.g. allocation procedures and data requirements), impact assessment (e.g. impact 
categories and characterisation methods) and interpretation. 

The ISO 14044 (2006) does not provide the actual methodology for 
performing an LCA, but there are a couple of handbooks providing detailed 
guidance. These handbooks are often made on behalf of aregional government. 
A widely used handbook is the one from the European Union, describing the 
so-called ILCD-methodology (ILCD 2010). Such handbooks often are of a 
technical character (e.g. Guinée 2002). An accessible handbook on LCA, albeit 
slightly outdated, is still the Hitch Hiker’s Guide to LCA by Henrikke Baumann 
and Annemarie Tillman (2004). However, one can easily find a more recent 
alternative by searching online for ‘LCA’ and ‘textbook’, 


3 Case study: the Seafarm life cycle assessment 
3.1 Choice of case study 


One of the critical challenges in the LCA is a lack of available information to 
compile reliable and case-based inventory data across whole product life 
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cycles. Good quality inventory analysis data is particularly difficult to obtain 
for seaweed product systems. This is particularly the case for the cultivation, 
manufacturing and subsequent life cycle stages, which are still evolving in an 
industrial context in Europe. 

Many of the seaweed-related LCA studies in the literature focus on 
hypothetical production systems and limited experimental data (e.g. Langlois 
et al. 2012; Alvarado-Morales et al. 2013; Aitken et al. 2014; Czyrnek-Deletre 
et al. 2017; Van Oirschot et al. 2017; Parsons et al. 2019). Some studies also use 
data from pilot facilities (e.g. Taelman et al. 2015; Jung et al. 2017; Vijay Anand 
et al. 2018) and extrapolate potential future large-scale production systems (e.g. 
Seghetta et al. 2016, 2017). Inventory data are often based upon a mix of literature 
and personal communications, or partially based on data from case studies, 
experiments or established farming practices covering all processes from the 
hatchery through to marine cultivation to seaweed harvesting. The earliest LCA 
studies on seaweed product systems, such as that by Langlois et al. (2012), which 
itself is based on a hypothetical system, therefore form the foundation of the 
literature upon which many of the subsequent studies are based. 

The Thomas et al. (2021) seaweed LCA study is, to our knowledge, the 
only one featuring inventory analysis wholly based on reliable data from a 
commercial operation, including detailed descriptions of kelp farm operations 
and a detailed inventory of activities, thus ensuring a high degree of certainty 
with respect to the life cycle inventory. These case data originate from the 
Seafarm project (www.seafarm.se) and are updated in line with optimised 
practices as established by Nordic Seafarm AB (formerly Koster Alg AB). The 
study of Thomas et al. (2021) is delimited to a cradle-to-gate perspective (where 
the gate is the production of preserved seaweed), to focus the assessment on 
those parts of the product system that are well established and from which 
high-quality data can be obtained. The rest of this chapter is largely based on 
the results from Thomas et al. (2021). 


3.2 The Seafarm project 


Five Swedish universities have worked together on the Seafarm project 
to develop a sustainable system for farming and processing seaweeds, in 
particular kelp (the brown seaweed Saccharina latissima). The end-of-project 
conference in June 2020 was delayed owing to the COVID-19 pandemic. 
Therefore, at the time of writing this chapter, the Seafarm project had not yet 
officially ended, but most of its research activities had been completed (Potting 
et al. submitted). 

For research purposes, the Seafarm project was developed at a farming site 
on Sweden's west coast (see Fig. 2). This included a trial hatchery, cultivation, 
harvesting and processing operations (e.g. a biorefinery), to study both the 
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commercial viability and the environmental impacts on the local ecosystem. 
The Seafarm project thus aimed to lay the foundations for a future Swedish 
seaweed industry. The project also broke new ground in addressing associated 
regulatory and licensing hurdles, which had stalled progress on a previous 
project (e.g. BioMara in Scotland). The project consisted of four research Focus 
Areas (FA) looking into specific parts of the supply chain, centred around a fifth 
FA. This fifth FA was strategically leading and connecting the four other FAs 
through a transdisciplinary sustainability assessment (Thomas 2018). The LCA 
by Thomas et al. (2021) formed a key part of this sustainability assessment. 

The LCA by Thomas et al. (2021) serves to illustrate the environmental 
impacts of the supply chain for preserved seaweed (i.e. excluding downstream 
processing into products derived from seaweed). This section provides details 
of the cultivation system employed in the Seafarm project, to provide readers 
with a deeper understanding of how the LCA results in the case study may 
relate to different seaweed supply chains. The subsequent supply chain stages 
covered by the case study (see Fig. 1) are described in more detail in later 
sections. Readers should refer to Thomas et al. (2021) for full details of the 
precise methodology and data used in the case study LCA. 

The cultivation system employed for the Seafarm project is located in the 
Kosterhavets National Park along the Skagerrak coast, within 5 km of the Sven 
Lovén Centre for Marine Sciences in Tjärnö, which is a part of the Gothenburg 
University. Many of the practical aspects of seaweed farming take place there. 
The key stages range from the cultivation, preparation, monitoring, harvesting, 
maintenance, the deployment of the hatchery-producing strings seeded with 


Figure 2 Seafarm-cultivation in the Kosterhavets National Park, Spring 2017 (photo: 
Gunnar Cervin & Göran Nylund). 
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juvenile kelp on longlines at sea and the housing of materials. The system 
covers 2 ha with nearly 5 km of conventional longline cultivation infrastructure, 
that is, longlines at circa 1 m depth kept in place by anchors and buoys (see 
again Fig. 1; for a complete description of the cultivation system, see Fig. 2 in 
Thomas et al. 2021). 

In late summer, specimens of the brown seaweed Saccharina latissima, 
known as sugar kelp, are collected from the local environment (i.e. from the 
local gene pool), and brought back to the hatchery facility at Tjarnd. Over the 
following months, the kelp’s reproductive cycle is triggered and juveniles settle 
on seeded strings (commonly also referred to as collectors). Once the juveniles 
have become established in late autumn, the seeded strings are deployed on 
longlines at sea (see Fig. 3). Over the following months, the cultivation site is 
monitored on a regular basis. 

Most of the mature kelp is then harvested between early April and late 
May. The longlines are raised mechanically onto a harvesting barge. Beyond 
this harvest window, the kelp can become spoilt by epiphytic growth. During 
this harvest window, kelp individuals can more than double in size and undergo 
important changes in structural and biochemical composition (Thomas et al. 
submitted). In early April, one might expect to harvest around 5 kg m” longline of 
smaller, thinner kelp specimens, whereas up to 15 Κο m” longline of larger, thicker 
kelp specimens can be harvested in May. This equates to a yield potential ranging 
12.5-37.5 tons FW ha". Early and late-harvested kelp may be more or less suitable 
for various end uses (Thomas et al. submitted; Vilg et al. 2015). This whole process 
is repeated every year, from the selection of parent specimen to harvesting. 

After being harvested at sea and returned to land, kelp requires processing 
without delay to avoid decay and to preserve the biomass in a stable state 
that is practical for both transport and subsequent refining into products. At 
harvest, the fresh biomass contains approximately 84.9% of dry matter (Thomas 
et al. 2021), though this can vary to a large extent (Thomas et al. submitted). 
As a part of the Seafarm project, several alternative preservation approaches 
were trialled. Trials included hanging the biomass on wooden frames to dry 
outdoors (Fig. 8), drying the biomass indoors in hot air cabinets, ensilage 
experiments at the laboratory scale and freezing the biomass in a shipping 
container. Initially, only the freezing was conducted on a large scale, but later 
on in the project, large-scale drying methods were developed. Data in Thomas 
et al. (2021) are representative of larger-scale biomass preservation following 
scaled adaptations of these four preservation methods. 


4 Overall impacts of the supply chain 
Figure 4 and Table 1 give an overview of the overall environmental impacts 


of the seaweed supply chain, from Thomas et al. (2021), up to and including 
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de Wk s ; 
Figure 3 Above: seeding-line of juvenile Saccharina latissima being deployed on a 
longline at the Seafarm cultivation site in autumn 2015 (photo: Gunnar Cervin & Göran 


Nylund). Below: harvesting the mature Saccharina latissima from a longline in April 2019 
(photo: Jean-Baptiste Thomas). 


the preservation of freshly harvested seaweed. The differences between the 
four preservation methods are depicted in Fig. 4, by expressing the impacts 
of the overall seaweed supply chain relative to the impacts of the worst- 
performing preservation method (freezing). Overall, the preservation of the 
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freshly harvested seaweed (specifically using freezing or hot air cabinet drying) 
and the cultivation process (including the system infrastructure) are the two 
most important processes in terms of impacts. The freezing and hot air cabinet 
drying methods documented in Thomas et al. (2021) both consume a lot of 
energy (especially the former) in the course of the 90 days of storage used in 
the study (see Section 8). The impacts of the cultivation and harvest stages are 
dominated by the physical infrastructure at sea (see Section 6). 

The impacts of the hatchery processes (spore selection and seeding) are 
relatively small compared to the rest of the supply chain (see Section 5). The 
two other preservation methods, hang-drying and ensiling, require relatively 
little energy and material inputs when compared to hot air cabinet drying 
and freezing, and so have a much reduced environmental impact per ton of 
preserved kelp (see Section 7). These differences mean that, in practice, overall 
impacts can vary by more than 50% (on average across all impact categories), 
depending on which preservation method is selected. 

The overview in Fig. 4 also includes some environmental impact mitigation 
credits (bars below 0% on the y-axis) resulting from carbon and nutrient 
assimilation in kelp during its cultivation and the associated impact mitigation 
(see Section 6.3 for more details). Note that this study stops at the gate (the 
preserved biomass) and does not include downstream emissions when the 
biomass is processed into products and consumed. However, if the study 
were to include the processing and use of the kelp, one might argue that the 
assimilated nutrients and carbon would presumably be released again as 
emissions when kelp products are consumed. This also applies to the small 
environmental impact mitigation credits allocated for the co-production of 
biogas from ensilage effluents. These impact mitigation credits are further 
discussed in Section 6.2. 

The overview in Fig. 4 relates to the case study LCA by Thomas et al. 
(2021), but other studies in the literature report similar results (Aitken et al. 
2014; Taelman et al. 2015; Van Oirschot et al. 2017). These studies also identify 
cultivation infrastructure and processing of the biomass as impact hotspots. The 
parallel is not surprising in the case of Van Oirschot et al. (2017), given that the 
study utilises similar data from the Seafarm project. Aitken et al. (2014) is based 
on different case data, though the same impact assessment method (CML 
2001) is used as in both Van Oirschot et al. (2017) and Thomas et al. (2021). 

Although they are based on different situations, studies using other LCA 
impact assessment methods still come to similar results. Taelman et al. (2015), 
for instance, compares two cultivation infrastructures by their cumulative 
energy extraction from the natural environment (CEENE). They also identify 
cultivation infrastructure as a dominant contributor in both cases, although 
they both also identify boat fuel consumption as a significant contributor (a 
finding further discussed in Section 6). In the studies by Seghetta et al. (2016, 
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Figure 4 An overview of the environmental impacts of the preserved seaweed supply 
chain, highlighting the contributions from the main steps of the process chain and 
comparing the four ultimate preservation methods: hang drying, air-cabinet drying, 
ensiling and freezing. The graph also shows the impact mitigation credits accorded 
for bioremediative effects of kelp cultivation (i.e. carbon and nutrient assimilation), 
and impact mitigation credits accorded to the ensilage co-products, the ensilage 
effluents, which are used to for biogas production. Figure 4 is supported by Table 1, 
which includes the numeric values for impacts as expressed per ton fresh weight. The 
impacts are expressed across 10 impact categories of the CML baseline method: abiotic 
depletion (AD), acidification (AC), eutrophication (E), climate impact (GWP100), ozone 
layer depletion (OLD), human toxicity (HT), fresh water ecotoxicity (FWET), marine 
ecotoxicity (MET), terrestrial ecotoxicity (TET) and photochemical oxidation (PO). These 
are complemented by 2 additional categories showing Cumulative Energy Demand from 
non-renewable (nrCED) and renewable (rCED) sources. Source: figure modified from 
Thomas et al. (2021). 


2017), the ReCiPe impact assessment method is applied and complemented 
by additional impact categories (e.g. USEtox). In both of those studies, the 
cultivation infrastructure is also identified as a critical hotspot. 

To better understand the opportunities for environmental optimisation 
of supply chains for preserved seaweed, one must dig into each of the 
stages of the supply chain and look at contributions resulting from specific 
system components. Seaweed cultivation and downstream processing (e.g. 
preservation) being the two most influential processes in the product system, 
provide the greatest opportunities for environmentally optimising the supply 
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chain for preserved seaweed. The following sections of this chapter cover all 
the life cycle stages of the Thomas et al. (2021) case study in detail, starting with 
the hatchery process (Section 5), then the cultivation stages (Section 6) and 
finally the preservation stages (Section 7). 


5 Environmental impacts of a kelp juvenile hatchery 


The hatchery process, which provides juvenile seaweed that can be deployed 
at sea, involves spore preparation and seeding processes. As Fig. 4 shows, 
these processes contribute little to the overall environmental impacts of the 
preserved seaweed supply chain in the case study LCA. On average, across all 
impact categories, the combined hatchery processes contribute to around 5% 
of the impacts of the supply chain. Improving the environmental performance 
of hatchery processes will not, therefore, substantially reduce the overall 
environmental impacts of the supply chain. However, this does not mean that 
environmentally optimising this process is irrelevant. 

In Thomas et al. (2021), the hatchery is split into two stages. First, the spore 
preparation process accounts for the activation of the reproductive cycle and the 
acquisition of a concentrated spore solution from parent specimens. Second, 
two alternative seeding processes, called submersion seeding and spray 
seeding, are compared, following the assumption that both produce seeded 
lines of identical quality (ready to be deployed to sea). The main difference 
between these processes relates to the stage of the kelp's reproductive cycle 
at which the settling on the strings occurs. For submersion seeding, this occurs 
during the formation of sporophytes, while for spray seeding, gametophytes 
are sprayed onto the collectors. 

Figure 5 provides a comparison of the environmental impacts resulting 
from (a) submersion seeding and (b) spray seeding, including the impacts 
of all equipment, energy and materials used. On the whole, it is clear that 
submersion seeding performed slightly worse than spray seeding. This is due 
to the fact that, in practice, submersion seeding takes a little longer than spray 
seeding. The resulting time savings for the spray seeding approach convert 
to slightly reduced energy consumption and thus to slight reductions in the 
environmental impacts across all categories. 

The energy used in the sub-processes, based on the electricity mix used in 
Sweden (predominantly hydro and nuclear energy), notably the energy used in 
temperature control (or cooling) and lighting, are the dominant factors in the 
environmental impacts of the hatchery. This suggests that hatcheries should, 
as much as possible, utilise energy-efficient temperature control and lighting 
systems in order to minimise environmental footprints. In terms of material 
contributions to impacts, the main contributors to the hatchery process were 
found to be the acrylic Perspex aquaria and the nylon seeding lines. Further 
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Figure 5 The breakdown of the environmental impacts of the two alternative seeding 
processes in the hatchery - (a) submersion seeding and (b) spray seeding - showing 
the relative contributions of sub-processes to highlight impact hotspots. The impacts 
are expressed across 10 impact categories of the CML baseline method: abiotic 
depletion (AD), acidification (AC), eutrophication (E), climate impact (GWP100), ozone 
layer depletion (OLD), human toxicity (HT), fresh water ecotoxicity (FWET), marine 
ecotoxicity (MET), terrestrial ecotoxicity (TET) and photochemical oxidation (PO). These 
are complemented by 2 additional categories showing Cumulative Energy Demand 
from non-renewable (nrCED) and renewable (rCED) sources.Source: the figure has been 
modified from Thomas et al. (2021). 
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reduction of impacts might therefore be made by identifying lower-impact 
alternatives to these materials. These findings are generally supported by LCA 
literature of microalgae photobioreactors, for example, in Porcelli et al. (2020) 
and Ketzer et al. (2017), which show that energy use, as well as the use of 
plastics and other materials, typically dominates the impact profiles. 

The impacts of the spore preparation stage are not included in Fig. 5, as 
this step only results in a fraction of the impacts of the seeding methods. Spore 
preparation also utilises similar materials and systems as the seeding stages, 
although the energy requirements are much lower. As a result, any optimisation 
implemented in the seeding processes will also affect the spore preparation 
stage. 

In addition to the impact hotspots and opportunities for environmental 
optimisation mentioned above, one additional aspect can multiply impacts 
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from the hatchery. This is the overall failure of the hatchery to deliver high- 
quality seeded lines. Hatchery failure can be due to a number of reasons, for 
example, the contamination by epiphytes or bryozoans as the juveniles mature. 
The consequences can be severe in terms of life cycle impacts. A failure will 
result in the need to re-attempt the hatchery processes, resulting in additional 
energy requirements in the second attempt. 

Hatchery failure can also delay the deployment of juveniles to sea by 
several months. Recent research has suggested that earlier deployments can 
help to increase the biomass yields at harvest (Handa et al. 2013; Thomas et al. 
submitted); thus a later deployment from a failed hatchery can also result in 
decreased yields. This, in turn, would translate to a relative increase in impacts, 
particularly if the functional unit (in terms of which the impacts are expressed) 
relates to productivity, for example, per ton of fresh kelp. 

On the whole, therefore, though the overall contributions to environmental 
impacts by the hatchery stage are small, hatchery activities can still have an 
important effect on the overall supply chain impacts in the event of hatchery 
failure. The results from Thomas et al. (2021) point towards the deployment (to 
sea) of high-quality seeded lines in early autumn as one of the most important 
variables to minimise the life cycle environmental impacts of the production of 
preserved kelp. Optimisation strategies, therefore, should reduce energy and 
material requirements where possible, without compromising the production 
of high-quality seeded-line hatchery techniques. 


6 Environmental impacts of kelp cultivation 


As mentioned in Section 1, when talking about the environmental sustainability 
of seaweed, one must distinguish between two types of environmental impacts: 
the impacts on the immediate marine environment (covered elsewhere in 
this book), and the impacts resulting from all material and energy inputs of 
the system, also referred to as life cycle impacts. This section addresses the 
latter, that is, the life cycle environmental impacts of kelp cultivation. Section 
6.1 discusses the environmental impacts of longline-cultivated kelp based on 
Thomas et al. (2021) and compares it to other kelp LCAs. Section 6.2 discusses 
the impacts of harvesting the mature kelp and discusses the key related factors 
that affect impacts, for instance, factors relating to fuel consumption. Section 
6.3 discusses the cradle-to-gate environmental impact mitigation resulting 
from the assimilation of carbon and nutrients in the kelp. 


6.1 Environmental impacts of longline cultivation infrastructure 


The seaweed cultivation infrastructure featured in the case study LCA is a 
standard longline system located at a semi-sheltered site, developed as part 
of the Seafarm project (see Fig. 2). The seaweed cultivation infrastructure 
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consists of 26 polyester silk longlines of 190 m, kept at a depth of 2 m by 
polyvinyl chloride buoys with connecting polypropylene ropes situated every 
10 m along their whole length. An anchoring polyethylene buoy at the end of 
each longline maintains strong buoyancy via a thick and strong polypropylene 
rope, a low-alloy steel chain and a low-alloy steel shackle fixed to a concrete 
anchor on the seafloor. The 26 longlines run parallel to one another with 4 m 
of access corridor in-between. Another polyester silk longline runs laterally 
across the midpoints of each longline, to provide additional structural 
reinforcement. This lateral longline is also held in place by anchoring buoys 
connected to concrete anchors with thick ropes, chains and shackles. Further 
details on the life expectancies of each item can be found in Thomas et al. 
(2021). 

Figure 6 shows a breakdown of the life cycle environmental impacts of 
the material and energy inputs required to build, install, operate and harvest a 
cultivation rig at sea. The results show distinct similarities with other studies. The 
ropes, and specifically the polyester silk longlines, are mainly responsible for 
the impacts across most impact categories, most notably the abiotic depletion 
and non-renewable cumulative energy-demand categories. These significant 
impact contributions are due to two contributing factors. The first is that 
collectively, the longline ropes (which are 16 mm in diameter) are the main 
material inputs of the system by mass (excluding the concrete anchors). The 
second contribution is that a considerable amount of non-renewable (fossil) 
resources are consumed in the production of the polyester silk ropes. 

Another evident impact hotspot visible from Fig. 6, most notable for the 
toxicity categories, is the impact contribution of the galvanised steel chains. 
The important impact contribution of the chains was also identified in Van 
Oirschot et al. (2017), though that study features the use of stainless steel 
(chromium alloy) chains with impacts considerably worse than those of the 
galvanised steel chains used in the present case study. In addition to the ropes 
and chains, the combined remaining material inputs to the cultivation stage 
of the life cycle (buoys, anchors and shackles) account for approximately 20% 
of the impacts on average across all impact categories. Finally, the monitoring 
of the site by means of return trips using a dinghy, and the initial transport 
and installation of the cultivation infrastructure, together represent only a 
minor share of the impacts - at less than 10% on average across all impact 
categories. 

A key environmental optimisation opportunity therefore lies in finding 
lower-impact alternatives to these ropes and chains. Taking into account the 
number of cultivation cycles, either rope alternatives manufactured from 
durable bio-based materials and suitable for this type of marine application 
could be identified, or thinner ropes might be utilised to reduce total material 
inputs and thus reduce impacts. To reduce the impacts from chains, research is 
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Figure 6 The breakdown of the environmental impacts of the cultivation and harvesting 
life cycle stages, showing the relative contributions of sub-processes to highlight impact 
hotspots. The impacts are expressed across 10 impact categories of the CML baseline 
method: abiotic depletion (AD), acidification (AC), eutrophication (E), climate impact 
(GWP100), ozone layer depletion (OLD), human toxicity (HT), fresh water ecotoxicity 
(FWET), marine ecotoxicity (MET), terrestrial ecotoxicity (TET) and photochemical 
oxidation (PO). These are complemented by 2 additional categories showing Cumulative 
Energy Demand from non-renewable (nrCED) and renewable (rCED) sources. Source 
data: the figure has been modified from Thomas et al. (2021). 


needed to determine the feasibility of using chain-free infrastructure designs 
or to identify low-impact alternatives. Recycling these ropes and chains at 
their end-of-life may be another way to reduce their impact. Similarly, effective 
maintenance strategies should be developed to extend the life expectancy of 
these key infrastructural components. 

It should be noted that most seaweed cultivation sites along the European 
and American coasts initially began as pilot sites. The primary concern of 
these pilots would have been to explore seaweed cultivation feasibility and 
infrastructure survivability, given local conditions. Many of those cultivation 
infrastructures, including the one in the case study LCA, are therefore likely 
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to be over-engineered to ensure survivability. The design and construction 
of cultivation infrastructure should, of course, respect local marine conditions 
and other requirements. However, material and structural optimisation is also 
important, to optimise the economic and environmental viability of seaweed 
farming. Seaweed LCA literature contributes to these areas by highlighting the 
need for optimisation of the environmental performance of farm structures. 
Combining LCA approaches with survivability and cost-optimisation remain 
important areas for further research. 


6.2 Environmental impacts of harvesting 


The harvesting activities discussed in Thomas et al. (2021) are limited to the 
transport of the kelp from the cultivation site to a dock approximately 10 km 
away, and the harvest bags used to pack the seaweed as it is harvested. As can 
be seen from Fig. 6, together they account for less than 10% of the impacts 
on average across all impact categories. It should be noted, however, that 
this is principally due to the fact that the cultivation site is within a relatively 
close proximity to the dock (around 10 km). Furthermore, the low-impact 
contribution of the boat transport may also be because the Ecoinvent 
database, from which boat impacts were exported, lacks impact data for 
small to medium-scale boat transportation at sea. In the Thomas et al. (2021) 
study, transport by motorised barge was selected and adjusted by adding the 
estimated fuel consumption. 

In other LCA studies that involve marine transport, results often show that 
emissions from boat transportation represent significant impact hotspots. This 
may be because alternatives to Ecoinvent may have been used, different types 
of fuel were employed or longer transport distances were involved. LCA studies 
that have identified marine transport as an impact hotspot highlight the need to 
minimise marine transport distances or to utilise more efficient vessels. This has 
been highlighted as an area of notable uncertainty requiring further research. 


6.3 Impact mitigation by carbon and nutrient assimilation 


Environmental impact categories in LCA studies can be based on a range of 
metrics: primary energy demand and resource depletion or emissions to the 
environment of specific compounds and their equivalents. Climate impacts 
within the CML 2001 method, for instance, are measured in terms of kilograms 
of CO,-equivalent emissions, which include emissions of methane and other 
greenhouse gases, converted by equivalency factors to CO, equivalents. 
Similarly, eutrophication impacts within the CML 2001 method are measured 
in terms of kilograms of PO,-equivalent emissions, which include emissions 
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of nitrates, nitrogen and phosphorus converted by equivalency factors to PO, 
equivalents. 

In line with this methodology, LCA studies by Seghetta et al. (2016, 
2017) were designed to take into account the biogenic carbon and nutrient 
assimilation by kelp, and their subsequent removal from marine environments 
as the kelp is harvested, an approach also followed by Thomas et al. (2021). 
This removal from marine environments is considered to be the opposite of 
emissions to those environments (i.e. an assimilation or an uptake). Carbon 
uptake is effectively an (indirect) uptake of atmospheric CO, that has dissolved 
in marine environments as part of the marine carbon cycle (Duarte et al. 2017). 
Impact mitigation credits are therefore allocated for the removal of kelp 
from marine environments corresponding to the amounts of PO, and CO, 
equivalents contained in the harvested biomass. 

This methodological approach applied to the Thomas et al. (2021) and 
Seghetta et al. (2016, 2017) studies yields similar results in both cases. In the 
case of Thomas et al. (2021), Fig. 4 shows that most of the carbon emissions 
from supply chain activities are counteracted by CO,-equivalent uptake by the 
biomass. Similarly, the eutrophication mitigation potential resulting from the 
uptake of PO, equivalents far outstrips the emissions of PO, equivalents from 
supply chain activities. These results therefore suggest that the production of 
kelp can (potentially significantly) mitigate local eutrophication, while providing 
a biomass raw material for the bioeconomy that performs well from a climate 
perspective. 


7 Environmental impacts of preservation: to dry, freeze 
or ensile? 


As mentioned in Section 3, when kelp is harvested, it requires rapid processing to 
stabilise and preserve the biomass. The four alternative approaches compared in 
Thomas et al.(2021) are based on scaled processes that were either trialled during 
the Seafarm project or that have become established practices. As can be seen 
from Fig. 4, and particularly in Fig. 7, there is a strongly diverging contribution 
of the four preservation methods to the overall environmental impacts of the 
preserved seaweed supply chain in the case study. In each impact category, 
freezing dominates the impact contributions, followed closely by air cabinet 
drying. The ensiling and hang-drying processes were found to have far lower 
contributions, primarily as these require little to no energy for their operation. 
One key parameter separates these four preservation methods: energy 
consumption. Those processes with greater energy consumption typically also 
have larger impact contributions. It is important to note that, once ensiled or 
dried, biomass does not require constant energy inputs in order to keep it 
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Figure 7 A comparison of the environmental impacts of the four alternative preservation 
methods, compared in Thomas et al. (2021): (a) hang drying, (b) air-cabinet drying, (c) 
ensiling and (d) freezing. The figure also presents a breakdown of the relative contributions 
of sub-processes for each preservation method, to highlight impact hotspots. The 
impacts are expressed across 10 impact categories of the CML baseline method: abiotic 
depletion (AD), acidification (AC), eutrophication (E), climate impact (GWP100), ozone 
layer depletion (OLD), human toxicity (HT), fresh water ecotoxicity (FWET), marine 
ecotoxicity (MET), terrestrial ecotoxicity (TET) and photochemical oxidation (PO). These 
are complemented by 2 additional categories showing Cumulative Energy Demand 
from non-renewable (nrCED) and renewable (rCED) sources. Source: the figure has been 
modified from Thomas et al. (2021). 


preserved over time, whereas frozen biomass does require constant energy 
inputs to maintain cold storage. A storage time of 90 days (approximately three 
months) was used in Thomas et al. (2021), helping to explain why freezing has 
a much greater impact. This study highlights that frozen biomass should not 
be stored for extended periods unless in very efficient cold storage. However, 
whilst the production of frozen biomass had the worst performance, it also had 
the greatest variability. 

Drying in an air cabinet was the second most energy-consuming process, 
and as can be seen from Fig. 7. The principal material input, stainless steel 
drying racks, also has a significant impact contribution in some of the impact 
categories, notably the acidification potential and eutrophication potential 
impact categories. It could be argued that this is an over-estimation, as in 
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practice, such racks would be utilised for many purposes in the course of their 
life. However, they are assumed in the present study to have been exclusively 
built and used for this air cabinet drying method in the course of their estimated 
10-year life expectancy. In summary, the drying process still dominates impacts 
compared to preservation methods that do not consume energy. Further 
research is needed to explore alternative drying methods, notably those that 
can be automated at scale, to identify energy-efficient methods and to explore 
the effects of different parameters (e.g. infrared drying or hot air drying) on 
biomass macromolecular and nutritional content. 

The ensiling method in the study involved the use of a large concrete 
box built specifically for kelp ensilage. The process involves spreading kelp in 
the ensilage box (referred to as infrastructure in Fig. 7) using a small tractor, 
spreading of ensiling chemicals in the pile, and then covering the pile with a 
plastic sheet weighted down by sand and gravel to ensure that it is air-tight. 
These material inputs combined were found only to have a minor impact 
relative to other methods. The co-product of the ensilage, known as ensilage 
effluent, is also a liquid with relatively high biogas potential. Environmental 
impact mitigation credits were allocated in Thomas et al. (2021) to account 
for the production of biogas from this effluent. However, even though ensiling 
kelp performs well from an environmental point of view, the acidic and semi- 
decayed state of ensiled kelp limits its use to relatively few applications, many 
of which are still the subjects of research and development. 

The hang-drying method described in Thomas et al. (2021) was found 
to have the lowest impacts. However, it may be the least scalable, since it 
is the most labour intensive. The main impacts can be entirely attributed to 
production of the wooden frames from which the kelp hang (see Fig. 8). In 
practice, this method is entirely weather dependent. Drying methods have 
therefore evolved into a two-step process, starting with an initial outdoor drying 
process protected by an agricultural polytunnel. Once partially dried, the kelp 
can be brought indoors to be finished off under more controlled conditions in 
heated and well-ventilated indoor spaces. 

All of the preservation methods involved additional processes, either 
relating to shredding the biomass prior to preservation, or to packing the 
biomass so that it can be stored safely after preservation processes are 
complete. These can also be seen in Fig. 6 as the grey parts of the bars. 
Though these additional processes or items are nearly insignificant for most 
preservation methods and impact categories, plastic storage bags for freezing 
were found to have a relatively large impact contribution, especially in terms of 
abiotic depletion. This is due to the frozen biomass being relatively voluminous 
and thus requiring far more bags to store one ton of fresh biomass, than drying 
methods which involve packing a lower volume of dried biomass. 
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Figure 8 Above: Early trials of outdoor hang-drying in spring 2017 at the Sven Lovén 
Centre, Tjarnd (photo: Gunnar Cervin & Göran Nylund). Below: Polytunnel-protected 
outdoor drying in Spring 2019 at the Koster Alg facility on the Swedish west coast (photo: 
Jean-Baptiste Thomas). 


8 Conclusion 


The environmental performance of seaweed cultivation and processing systems 
is a complex puzzle. It consists of both direct local effects and effects resulting 
from the production and the end-of-life of material and energy inputs to the 
system. These latter types of impacts can be gauged by means of environmental 
LCA. This chapter presents an overview of the environmental performance of a 
kelp hatchery, cultivation and preservation system, based primarily on an LCA 
by Thomas et al. (2021). The knowledge gained by conducting an LCA on these 
types of production systems enables informed environmental optimisation of 
supply chain activities. 

The main impact hotspots identified in both Thomas et al. (2021) and other 
LCA studies are a result of the physical cultivation infrastructure at sea, notably 
the robust and marine-grade ropes that are utilised in longline systems. Some 
studies also report large impact contributions from the processing of harvested 
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biomass. Thomas et al. (2021), for example, found that freezing and air cabinet 
drying, both high-energy preservation methods, are important impact hotspots 
in the process chain. Infrastructure at sea and high-energy preservation 
methods are thus life cycle stages where environmental optimisation can have 
important impact-reduction effects. 

Some studies in the LCA literature have also found that the transport of 
materials at sea can also contribute significantly to environmental impacts. This 
is notably the case in production systems that require transportation over longer 
distances. This is not the case in Thomas et al. (2021), where the short distance 
from port to farm resulted in a low-impact contribution from sea transport. 

Other sub-processes, such asthose of the juvenile hatchery orthe alternative 
preservation methods of hang-drying and ensiling, were found to have lower 
environmental impact contributions. However, environmental optimisation 
strategies should still be pursued, typically based on implementing energy- 
efficient technologies, or of strategies that can mitigate critical risks such as 
hatchery failure. 

Some LCA studies (notably Seghetta et al. 2016, 2017; and Thomas et al. 
2021) attempt to account for the uptake of nutrients and carbon assimilated by 
harvested biomass from marine environments. These nutrient and carbon flows 
from marine environments to seaweed products (and thus back to society) 
attract environmental impact mitigation credits, thus (partially) offsetting 
impacts resulting from emissions. The result is that these product systems are 
found to perform very well in terms of mitigating eutrophication and from a 
carbon perspective. 


9 Limitations of LCA 


Opportunities abound for methodological development of the LCA in the 
coming decades. Many environmental aspects of product systems are not well 
covered by the LCA, notably the effects on the immediate local environment. In 
seaweed product systems, this could include the effects on local biodiversity, 
resulting from the presence of marine infrastructure. Ecosystem services are 
also typically not covered in the LCA. To study local impacts, alternative forms of 
assessment are needed. Research is ongoing to incorporate these perspectives 
into LCA methodology. 

The spatial context of environmental impacts is also an area of LCA 
methodological development in need of further development. Eutrophication 
or oligotrophic conditions, for instance, are highly localised environmental 
states, each being particularly sensitive or resistant to different actions. The 
addition of nutrients to an oligotrophic or eutrophic lake will have very different 
consequences, with the former likely to shift to a eutrophic state, whereas the 
addition of nutrients to an already eutrophic lake will likely not cause a major 
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regime shift. In LCA, these sorts of contexts of pre-existing environmental states 
and the sensitivity of these states is usually considered. 

Another concern regarding LCA relates to its wider use in decision making 
and in reports: life cycle perspectives are often overlooked as these can be 
tricky to grasp by non-experts. A recent example of this is the latest Seaweed 
for Europe report ‘Hidden champion of the ocean: seaweed as a growth engine 
for a sustainable European future’, which omits recognition of the wide range 
of LCA studies on the topic. This could be considered to be symptomatic of the 
complexities of the LCA methods and interpretation, or perhaps of the lack of 
effective LCA communication strategies for research output. Regardless of the 
reasons, this embodies a significant challenge for future LCA developments. 
Efforts need to be directed to bridge the gap between LCA research and 
the communication of clear and useful outputs, for instance, by using the 
Sustainable Development Goals. 


10 Future trends in seaweed-related LCA 


Over the past ten years, seaweed-related LCA studies have attempted to shed 
light on the environmental performance of seaweed production systems, 
particularly within a context of seaweed being utilised as a substrate for 
bioenergy production. Most of these studies have been explorative in nature, 
based on proof-of-concept pilots to shed light on cultivation systems, and on 
hypothetical or experimental data for later life cycle stages (e.g. bioenergy 
conversion). Several studies have sought to extrapolate scales of production 
systems based on pilot data, to shed light on the plausible impacts and 
contributions to sustainability of the sector in the coming decades. 

Given the limited availability of data from this emerging field, much of 
the focus of these LCAs has been on the earlier life cycle stages, notably the 
cultivation stage, in support of optimising the pilot cultivation infrastructure 
systems. In addition to these, data emanating from seaweed biorefinery 
research projects (e.g. the Danish MAB3 project) have also supported LCAs with 
the aim of assessing alternative pathways through biorefinery concepts. These 
scenario-based LCAs are also typically based on laboratory-scale experiments 
resulting in different combinations of end- and by-products, thus giving a sense 
of the potential of biorefinery activities. 

Looking forward into the coming decade, European seaweed production 
is at a tipping point, transforming from a series of pilot projects into an 
emergent sector. Thomas et al. (2021) represents one of the first LCA case 
studies that shifts LCI focus from hypothetical and scaled production systems 
to a specific case-oriented pilot/commercial production system, though the 
scope remains on established early life cycle stages. A myriad of alternative 
pathways remain for the later life cycle stages, namely biorefinery processing, 
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use-phases and end-of-life of a wide range of seaweed products. Furthermore, 
as seaweed farming practices scale up and move offshore, follow-up studies to 
Thomas et al. (2021) will be needed to document the potential of economies 
of scale. 

As new technologies evolve, scales increase and pathway concepts 
materialise into commercial enterprises for specific products and processing 
methods, data will become available for robust LCAs to be undertaken. This 
will enable reliable comparisons to be made between non-renewable or 
fossil-based products that can be replaced by seaweed-based products (e.g. 
comparisons of synthetic plastics vs. alginate biopolymers). In summary, as 
the European seaweed industry emerges in the coming years, more LCAs 
will be needed to optimise the performance and guide the design principles 
of cultivation systems, preservation and processing methods, to ensure that 
the European seaweed industry delivers on its promise as a low-carbon, 
environmentally beneficial biomass. 


11 Where to look for further information 


11.1 Seaweed-related LCA articles listed in chronological order 
of publication 


ο Langlois, Juliette, Jean-François Sassi, Gwenaelle Jard, Jean-Philippe 
Steyer, Jean-Philippe Delgenes, and Arnaud Hélias. (2012). ‘Life cycle 
assessment of biomethane from offshore-cultivated seaweed’, Biofuels, 
Bioproducts and Biorefining, 6: 387-404. 

e Alvarado-Morales, Merlin, Alessio Boldrin, Dimitar B. Karakashev, Susan L. 
Holdt, Irini Angelidaki, and Thomas Astrup. (2013). ‘Life cycle assessment 
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